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New Generation Coatings for High Speed Cutting Tools
D Saini and M Ali
University of Wollongong
Wollongong 2522 Australia

Use of different reactive atmospheres and cathode materials allows single or multipk:
thin layers of single or multicomponent structures to be deposited on cutting tools (7).
Not much effort has, however, been directed towards the optimization of coating
thickness, number of layers and sequencing of multicomponent multiple layers (S).
This paper presents an investigation, which evaluates several novel architectures of
PVD coatings for their suitability for high speed turning operations.

Abstract

2.

CVD coatings have been traditionally used for enhancing the life of cemented
carbide tools in machining operations. Due to several inherent advantages over CVD
coatings, more recently the PVD coatings have been employed on cutting tools for
improvement of their wear resistance and performance in machining operations.
Significant variability in the tool life and performance of PVD coated tools has,
however, been observed by several researchers. Such variability in tool life, which is
a big hindrance in successful automation as well as planning of machining
operations, is considered to result from a combination of factors including poor
adhesion between substrate and coating, less than optimum design of coating
architectures, increased diffusion wear at high temperatures and thermal softening of
the hard coatings. This paper presents an investigation, which examines several
novel architectures of PVD coatings for their suitability for high speed turning
operations. Amongst the various coatings (TiN, TiC, TiCN and TilTiNffiCNffiC)
investigated, TiC coating was observed to have the longest tool life and relatively

Turning operations typically involve huge strains, high interface (tooi-chip, toolworkpiece) temperatures ranging from 700-1250°C, and newly generated chemically
reactive surfaces (2). A significant portion of the energy supplied to the turning
operation is consumed by frictional losses ranging from 25-35% in the cutting zone.
Coatings have been observed to reduce cutting forces (9) and provide longer tool life
resulting in greater productivity. It is in this area where significant cost reductions can
be achieved by development and use of tool coatings, which result in higher turning
speeds and lower frictional losses. In order to withstand such harsh conditions, an ideal
coating should have high wear resistance, excellent chemical stability, hot hardness, low
friction, good adhesion to the substrate and compressive residwl stresses. No single
layer, multi-layer or multicomponent coating has so far been developed which
satisfactorily meets all the above requirements.

better performance compared to the other coatings.

1.

In coatings deposited by the PVD process, the film growth occurs at the atomic level.

Introduction

Huge improvements in productivity of machining operations have been achieved by
using hard coatings on carbide tools. Since the early 1970's such coatings on carbide
inserts have been applied by the chemical vapour deposition (CVD) process. More than
60% of the cutting tools used in the USA and Europe today have CVD coatings on them
(I). The CVD coatings, however have limitations which include relatively higher
deposition temperature (950-1050°C), development of tensile stresses in the layers,
inability to deposit thin as well as multi-component coating layers and at times poor
adhesion of the coating to the substrate due to the formation of brittle ? phase at the
interface (2).
More recently, the physical vapour deposition (PVD) process, which has several
advantages over the CVD process, has been employed for TiN and TiCN coatings on
high-speed steel tools and carbide inserts. Research in the development of PVD
coatings is focused on two important aspects, vital for metal cutting industry viz (i)
development of tool coatings having a wide operating range at high speeds resulting in
larger productivity of machining operations on a wide variety of materials, and (ii)
development of coatings that allow dry machining to save environment and reduce
production costs via e1imination of cutting fluids (2,3,4). More recently, the PVD
coatings have also been developed for tools employed for machining specific materials
(5) or for tools used for a certain category of machining processes (6).

Tool Coating Architecture

Three PVD tool coatings, TiN, TiCN and TiALN have been mainly researched and
primarily used by tool manufucturers today. There appears to be a lack of systematic
approach for the design of any of the above coatings architecture suitable for high speed
machining operations. Keeping this aspect in mind, two coatings TiN and TiC
deposited on K420 cemented carbide inserts by PVD process were initially investigated.
Encouraged by the tool life tests of these coatings, two other multicomponent coatings
namely TiCN and TiffiNfriCNfriC were applied on the carbide inserts, which were
then used for high speed turning operations to examine their tool life.

3.

Tool Materials And Coatings

Tungsten carbide inserts (Kennametal SPU422K420, SPUN 12 OS OS) were employed
as the substrate for depositing various tool coatings. The as received inserts were
further ground and polished by using 3Jlm and IJlm abrasive diamond paste in order to
prepare the relevant surfaces suitable for coatings. Every care was, however, taken so
as to maintain the original geometry of the insert. The inserts were preheated to 350°C
in the deposition chamber before any application of coatings. Using the flltered arc
deposition process in PVD techniques, five coatings - TiN (2.09Jlm), TiC (4.7IJlm),
TiCN (2.SSJlm), TiCN (4.ISJlm) and TiffiNrriCNrriC (1.42Jlm) were deposited on
five carbide inserts. Reactive atmosphere ofN2, CH4 and N2 + CH4 were employed for
these coatings.
Ball cratering tests using a 25mm ball and IJlm diamond paste, were carried out on each
insert for evaluation of coating thickness. The thickness was estimated at three places
and then averaged.
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6.

The average values of the various coatings on inserts are presented in Table 1.

Using ultrn micro indentation system (UMIS 2000), both Vickers hardness and
Berkovic hardness of the coated tool inserts were measured Tests were carried out at
six points on the coatings and the hardness values obtained were averaged. The load
and unload curves for each indentation were exantined in order to be certain that the
data employed for hardness calculation were in the elastic range. The hardness of
various coatings is listed in Table 3.

Thickness, E (pm)
Coating
TiN
TiC
TiCN
TiCN
TiffiN ffiCNffiC

El
1.91
4.12
3.56
3.17
1.17

Ez

EJ

2.44
5.66
3.78
2.70
1.20

1.92
4.37
5.20
2.77
1.89

Ea•.,.,..,
2.09
4.71
4.18
2.88
1.42

Types of Coating

Table 1 Thickness ofvarious types ofcoatings

4.

Profile Test

In the present research, off the shelf inserts (Kennametal K420) were purchased which
were then ground and polished and coated with various coatings. In order to exantine
the influence of grinding, polishing and coating on the geometry of the insert,
geometrical profiles of inserts were obtained for "as received", "ground and polished"
and "coated" condition" of the inserts. An exantination of these profiles indicated that
the grinding, polishing and coating process does not alter the "as received" geometry of
the insert.

5.

Scratch Tests

Strong adhesion of the coating to the substrnte is an important factor in good
performance of the coated tools (10,11). S:ratch tests were carried out in order to
assess the adhesion of the various coatings deposited to the tool substrnte (K420). The
equipment employs a Rockwell C diamond stylus (Apex angle 1200 and tip radius 200
11m), which is impressed on the coating with a linearly increasing force as the sample
table is moved laterally at a constant rate of trnvel. The normal force, lateral force,
coefficient of friction and tlte acoustic emissions generated due to friction of the stylus
movement and crack formation in coating are monitored, recorded and plotted as a
function stylus distance moved The critical normal force at a point when coating fails,
was also recorded for each coating. Table 2 details these forces on various coatings.

TiN
TiC
TiCN
TiCN
TilTiNffiCNffiC

Coatine Thickness (11m)
2.09
4.71
2.88
4.18
1.42

Critical Normal Force (N)
114
33
45
49
24

Thickness
(I'm)
2.09
4.71
2.88
4.18
1.42

Berkovic Hardness
(GPa)
35.8
27.2
29.9
26.4
26.9

Vickers Hardness
(HV)
2501
3282
2743
2420
2466

Table 3. Hardness Results of Various Types ofCoatings using UMIS 2000

7.

Tool Life Tests

After completion of various measurements and tests for coating characterization, tool
life tests on the various coatings were carried out on a Hitachi Seiki (Hi 20 SIl) CNC
lathe. A schematic arrangement of the experintental set-up is presented in Figure 1. A
3D Kistler 9272 dynamometer was used to measure the cutting force components. The
collected cutting forces signals were digitized through a 4 channel NO converter and
stored on the hard disk of an IBM personal computer for analysis at a later stage. At
appropriate times, the tool inserts were taken off the tool holder and flank and crater
wear measurements were carried out with an optical profile projector and surface
roughness analyzer respectively. The spalling, brittle fracture and edge chipping that
occurs in CVD coatings (12, 13) were not observed on PVD coated inserts employed in
this research. The roughness of the turned surface was also measured by a portable
surface roughness analyzer at the time when the inserts were taken off for wear
measurements.

8.
TvPesofCoatine
TiN
TiC
TiCN
TiCN
TilTiNffiCNffiC

Micro-Hardness Test

Results And Discussion

The growth of the flank and crater wear on tools having different coatings is presented
in Figures 2 and 3. The TiC coating having a thickness of 4.7111m appears to have the
longest tool life before the tool collapses in turning operation. Almost nil growth of
crater wear till about 1250 seconds of turning operation and thereafter low growth of
this wear till tool failure, appears to be the reason for a longer life of tool with TiC
coating. The TiN coating having a thickness of 2.0911m has a relatively low tool life
compared to the TiC coating.

Table 2. Critical normal force for various types ofcoatings
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Graphs of Flank Wear vs Cutting Time
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Figure 2. Flank wear vs cutting time for various types of coatings
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Figure 1. Block Diagram ofExperimental Set-up

The growth of crater wear in tools having TiC and TiN coatings appears to be very
similar. However, the flank V\elIr growth on the tool with TiN coating in the Stage 3
zone (rapid wear growth) appears to be much faster compared to the wear on the tool
with TiC coating and hence the resultant tool failure. The other factor which may
possibly be attributed to faster li.ilure of TiN coated tool is the smaller thickness of
coating compared to 4.1811m thickness of TiC coating. High speed turning operations
generate high temperatures that result in rapid wear of the tool. The large amount of
heat generated at the same time, causes reduction of coating hardness (14, 15) and thus
their wear resistance. The softening of substrate and thermal deformation of the cutting
edge caused by large heat also adds to the failure of the insert at high cutting speeds
(16).
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Graph of Crater Wear vs Cutting Time
Graph of Surface Roughness vs Cutting Time
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Crater wear vs cutting time for various types ofcoatings

Compared to inserts coated with TiN and TiC coatings, the failure of tools with TiCN
coatings (2.88 and 4.18 /!m) after a short duration of turning, is contrary to the results
observed by (16, 17) and cannot be explained by the experimentation carried out in this
research. The only possible reason that can be attributed to these failures is the noncompatibility of the substrate with the TiCN coating.
The initial crater and flank wear growth on the tool having the TilIiNfTiCNfTiC
coating, appears to be similar to that on inserts having TiN and TiC coatings. However,
the tool failure in a relatively shorter duration of high speed turning appears to be due to
the very fine thickness of each layer in the multilayered coating composition.
The condition of the cutting edge of the tool and in particular, the tool flank wear in a
turning operation, greatly influences the newly generated surface of the workpiece. The
variation of surface roughness during turning with the tool inserts with various PVD
coatings is presented in Figure 4. A clear influence of the flank wear on the workpiece
surface roughness can be observed in Figure 5. The surface roughness of the workpiece
remains stable for a while after the start of the turning operation with fresh tools,
although the length of this stable zone evidently is different for tools with different
coatings. However, the rapid growth of the flank wear before tool collapse on various
tools results in abrupt or fast increase of the roughness in stage three zone. For
example, during turning with the tool having TiC (4.71/!m) coating, the wear growth on
the tool is small, up to a cutting time of 1000 seconds. However, for 1000-1600
seconds the slope of wear growth increases and so does the slope of respective
roughness pbt. After 1600 seconds, the further growth of flank wear results in
attendant rapid rise in surface roughness of the workpiece.

7

Figure 4. Surface roughness vs cutting time for various types of coatings.

A comparison ofthe work surface roughness generated during turning with tools having
different coatings indicates the coatings TiCN (2.88/!m) and TiN (2.09/!m) produce a
relatively smoother surface compared to that produced by tools with other coatings
(Figures 4 and 5). This is perhaps due to the lower apparent coefficieIt of friction
between the tool chip and tool coating which reduces the adhesion between the tool and
chip and thus prevents a built- up edge. The absence of a built- up edge on the tool
during cutting thus results in a smoother work surface.
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Graph of Surface Roughness vs Flank Wear

Graph of Flank Wear vs Forces
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Figure 5. Surface roughness vs flank wear for various types ofcoatings.

Figure 6. Flank wear vs cuttingforces

The growth of flank wear on a tool affects both the surface finish as well as the cutting
forces in a turning operation. Higher forces consume greater power and mmy also
influence the component accuracy. The cutting forces generated during a turning
operation with a tool insert having a TiCN (2.88I1m) coating are presented in Figure 6.
There appears to be a slow increase in all the three forces up to about 0.5mm flank
wear. However, after that, the cutting forces rise rapidly due to further deterioration of
the tool cutting edge.
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According to the ISO standards, a coated carbide tool is considered to fail if the flank
wear on the tool inserts exceeds 0.3mm. Hov.ever, in this research, both the flank and
crater wear were measured until the tools collapsed in the turning operation. The
turning time elapsed before such tool failures were also recorded. A bar chart of cutting
times before tools collapsed in the turning operation, is presented in Figure 7.
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Figure 7. Cutting time vs Tool Coatings

An examination of the bar chart indicates that the TiC coating lasts longest (43.4min) in
the high speed turning operation. The multi-layer coating of TifTiNITiCNITiC shows
good potential of tool life (15.2 min). However, it appears that the fine thickness of the
multi-component coating provides small protection to the tool substrate resulting in
relatively smaller tool life.
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9.

Conclusion

10. References

Significant research is required for development of PVD coatings, which can provide a
reasonably good life at high speed turning operations. Both the new coating
architectures, as well as their characterization, need to be optimized.
In this research, PVD coatings of several novel architectures were applied on cemented
carbide inserts and tested at high cutting speeds in turning operations. The following
conclusions can be drawn from this investigation.

•
•

The thickness of the coatings was observed to influence the coating adhesion as
well as tool life at high turning speeds.
Amongst the various coatings investigated in this research, TiC coating was found
to provide the longest tool life.
The multilayer composite coating TilTiNlTiCNlTiC showed good promise for
high speed turning operations. However, it requires further development to
enhance and optimize the tool life at high cutting speeds.
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